Introduction
The Mercury Laser Altimeter (MLA) is one of seven scientific instruments on board the MErcury Surface, Space ENvironment, GEochemistry, and Ranging (MESSENGER) spacecraft, the first orbiter mission to the planet Mercury. MESSENGER is scheduled to The main factors that drove the opt-mechanical design of MLA were the tight constmints on instnUnent mass (7.3 kg), volume (300 x 300 x 300 mm), and peak power (23 W) and the challenging mission thermal environment. MESSENGER will be in a 12-hour, highly eccentric elliptical orbit around Mercury [6] with only a 30-45 minute I MLA science measurement period over the planet's northern hemisphere where the surface temperature can range fiom 110°K on the planet's dark side to over 700°K on the sub-solar region [7] . During the balance of the orbit, MLA cools off by radiating heat to deep space. MLA will be "thermal cycled" in this fashion over 700 times during the course of the MESSENGER mission. Figure 2 shows the predicted instrument temperatures at the beginning and end of the operational science phase for the I MESSENGER 280" true anomaly orbit (TA280), a noon-midnight orbit close to the MESSENGER "hot" case. The MLA optical system is required to operate over a wide temperature range, in a non-steady-state, and with large thermal gradients. The t instrument design constraints and mission thermal environment required an integrated optical, mechanical, and thermal instrument design.
The MLA optical alignment requirements are listed in Table 2 and are divided into integration, alignment, and stability requirements. The MLA opto-mechanical design philosophy was to minimize the number of subassembly and instrument level adjcst~ezts rqtktx! tr d i e the htrclcent ic order t= betta emme a!igaent stabi!ity.
The optical and mechanical components were toleranced such that upon initial instrument integration the boresite error between the laser and the four receiver telescopes was less than the mrad receiver telescope line-of-sight adjustment range. Laser pointing knowledge and stability relative to the MESSENGER instrument deck are key alignment parameters since this information is used to determine the laser footprint location on the planet surfkce. Once the instrument was integrated and the boresite alignment completed, thermal range is 20°C k 25°C and the survival thermal range is -30°C to +6O"C.
The optical layout of the MLA Receiver Telescope is shown in Figure 3 . The telescope is a four-element reverse telephoto design with a 500-mm focal length, a 300-mm unfolded path length, and a final speed of fl4.35. The plano-convex objective lens is made of sapphire and has a focal length of 230 mm, a diameter of 125 mm, and a mounted clear aperture diameter of 1 15 mm. Sapphire was selected for all the optics exposed to the Mercury environment for its ability to withstand thermal shocks [9] , its lower absorption in the IR compared to optical glasses, and its resistance to radiation darkening. Although sapphire is birefringent and can generate double images, its imaging paformance is adequate for the MLA receiver "photon bucket". Ten high-purity, synthetic sapphire blanks were manufactured by Crystal Systems and the blanks ground and polished into lenses by Meller Optics. A negative focal length triplet lens p u p increases the focal length of the objective lens and corrects spherical aberration and coma. The triplet was manufactured out of radiation-resistant Schott BK7G18 by Optimax Systems. The teiescope is foicied in order to fit within the aiiocated -MLA .
volume, which also helped reduce the cantilevered mass. The dielectric fold mirror only reflects a small spectral band centered at 1064 nm, which provides protection against an accidental view of the Sun since most of the visible solar radiation will go through the fold mirror and scatter off its fiosted backside onto the MESSENGER instrument deck.
A picture of one of MLA Receiver Telescopes is shown in Figure 4 . Each of the showed that the refractive telescope design could tolerate a k 30°C bulk temperature change before its blur circle diameter increased to -100 pm or -200 pad. The net effect of the thermal de-focus is that the telescope nominal top-hat FOV becomes trapezoidal ( Figure 5 ); all FOV plots have the same 400-prad hll-width-at-half-maximum (FWHM) but the FOV size above 90% normalized transmission is only half as wide with the telescope at +50°C (or at -1OOC) as it is at the nominal telescope alignment temperature of 20°C. IR flux and transmit the balance to the telescope tube. Since MLA is not nadir-pointing during these orbits the inside of the telescope tubes will not be symmetrically illuminated.
We used a combination of optical and thermal computer-aided-design (CAD) programs to model the telescope thermal profile during the TA240 orbit, another noon-midnight orbit close to the MESSENGER "hot" case. The goal of the opto-thermal analysis was to calculate the themally induced receiver boresite shift due to the asymmetric telescope tube illumination. Custom software interfaces were developed by Lambda Research Inc. 
Laser Transmitter Telescope
The The beam expander is a Galilean optical design with a Corning 7980 fused silica negative lens, a BK7G18 positive lens group, and a sapphire exit window ( Figure 12 ).
The sapphire window adds thermal-shock protection by adding thermal mass and reducing the IR flux directly absorbed by the positive lens group. A non-sequential raytrace analysis insured that no beam expander ghost beams were focused on any of the beam expander or laser train optical surfaces. The mechanical design is similar to that of the Receiver Telescopes: the beam expander tube is optical-grade beryllium, a titanium flexure is used to mount the positive lens group and the sapphire window, and the clearance between the lenses and the tube bore is only 25 p on the radius. The negative lens is mounted in a small titanium cell with an internal shim to allow for focus adjustment. The optical and mechanical components were toleranced to achieve an optical axis-to-mechanical mounting flange error of < 1 mrad in order to meet our interferometer allowed for precise collimation at 633 nm, 1 ATM; we then adjusted the beam expander lens spacing in several steps to obtain collimation at 1064 nm, 0 ATM.
The beam expander collimation procedure is described below.
The beam expander was setup in a double pass configuration with the positive lens group facing the interferometer and the flat surface of the negative lens acting as the reference mirror. By observing the transmitted wavefront amplitude and curvature (convex vs. concave) and reproducing the observed wavefront error in CODE V we were able to quickly converge on the required shim thickness for 633-nm, 1-ATM collimation.
We then measured the beam expander performance with a continuous wave (CW) HeNe laser to confm the focal setting established with the Zygo interferometer. The next step was to adjust the slum hckness for li)64-nm, 1-AI'M operation using the giass meit -ine --A boresite aiignment techniques and test set-ups were derived fkom those developed for MOLA [12] . To boresite the instrument the MLA/GSE plate assembly is installed on the collimator instrument stand with MLA looking down. Having the gravity axis parallel to the instrument optical axis minimizes any gravity effects on the MLA transmitter and receiver lines of sight. The MLA boresite procedure is straightforward:
first the MLA laser is attenuated with the laser beam dump and its output directed to the center of the collimator target reticule, then the receiver telescope fiber optics are backilluminated at 1064 nm and the fiber-optic connectors de-centered until the four fiberoptic images are centered on the collimator target reticule (Figure 16 ). (The laser and receiver images are out of focus because the instrument alignment is performed at 1 ATM while all the optical assemblies are focused for 0 ATM.) After the boresite alignment procedure is completed the receiver telescope fiber-optic connectors are "liquid pinned"
with Scotch-Weld 2216 Grey epoxy. To veri@ the MLA boresite alignment, the FOV of each receiver telescope is measured by moving the collimator SM fiber-optic source in two orthogonal axes while recording the output of the MLA detector. Symmetric, wellcentered FOV cross-sectional profiles would indicate that the MLA receiver telescopes are properly boresited to the MLA laser. The shape and size of all the FOV profiles were as expected for 1 ATM, and all were within our +50 p a d boresite alignment requirement.
ri

*
The combined cross-sectional FOV of all four MLA receiver telescopes is shown in Figure 17 .
Once the boresite alignment was completed the MLA instrument underwent environmental qualification. The MLA instrument vibration test levels were 8 .0 Gnns about the X and Y axes and 9.9 Grms about the Z axis, the instrument optical axis; the fidl level mdolc ribes lasted 50 seco~ds per axis. We measured the following PvlLA alignment parameters before and after the vibe test: (1) the pointing of the MLA laser relative to the MLA Reference Cube, (2) the alignment of the MLA Reference Cube relative to a reference cube bonded to the alignment GSE plate, and (3) hll-width of the S/N 4 receiver telescope FOV cross-sections at 0 ATM was -400 pad, but the FOV edges were not as sharp as previously measured at the subassembly level because the MLA laser is not a point source. All the FOV plots were well centered on the MLA laser optical axis except for one trace that showed a 50 p a d offset.
After the MLA WAC test was completed we re-measured the instrUment optical alignment. -We found no measurable anguiar offset (c; IO pad) between the MLA iaser and the MLA Reference Cube and only small changes (< 50 pad) in the pre-WAC boresite alignment of the four Receiver Telescopes (Figure 20 ). Receiver Telescope S/N 3 was still out of its boresite alignment allocation so we debated whether to re-align the telescope or increase the size of its fiber-optic assembly fiom 200 pm (400 pad) to 300 pm (600 pad) to regain boresite alignment margin. Swapping the fiber-optic assembly was an easier operation but the larger fiber-optic would lead to -30% higher Solar background noise. We opted to re-align the SM 3 telescope and to continue monitoring 
